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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-42 

INVESTIGATION AT TRANSONIC SPEEDS TO DETERMINE LATERAL 

CONTROL EFFECTIVENESS OF BLOWING LATERALLY OVER 

SURFACES OF 30' AND 43' SWEPT W I N G S  

By Alexander D. Hammond and Linwood W .  McKinney 

SUMMARY 

A wind-tunnel inves t iga t ion  has been made i n  the  Langley high-speed 
7- by 10-foot tunnel  through a Mach number range from 0.60 t o  1.10 t o  
determine the lateral  cont ro l  effect iveness  of a j e t  of high-pressure 
a i r  d i r ec t ed  l a t e r a l l y  over a wing surface.  
one w i t h  a quarter-chord sweep angle of TO0 and the  o ther ,  45'. 
had an aspect r a t i o  of  4, a t ape r  r a t i o  of 0,  and an NACA 65AOO4 a i r f o i l  
s ec t ion  p a r a l l e l  t o  the plane of'symmetry. Each model w a s  equipped with 
a nozzle located near the  t r a i l i n g  edge of the  roo t  chord i n  such a manner 
t h a t  a j e t  of high-pressure a i r  could be d i r ec t ed  over the  wing surface a t  
various angles r e l a t i v e  t o  a l i n e  normal t o  t he  wing roo t  chord. 
were made a t  Oo arigle of a t t ack  f o r  a r a q e  of j e t  sweep angles and 
through an angle-of-attack range from -16" t o  i6" and -2Go tz 20' f o r  the  
30' and 4 5 O  swept wings, respect ively,  a t  the  maximum j e t  sweep angle of 
the  tes ts .  

Two w i n g  models were t e s t e d  - 
Each wing 

Tests 

The results of the  invest igat ion are presented i n  t abu la r  form wi th  
a l imi ted  discussion confined t o  the e f f e c t s  of t he  j e t  of high-pressure 
a i r  on the  rolling-moment cha rac t e r i s t i c s .  
ga t ion  show t h a t  the  rolling-moment e f fec t iveness  increases  when the  j e t  
of a i r  i s  swept forward over t he  wing surface t o  the  maximum angle of t he  
inves t iga t ion .  The r e s u l t s  a l s o  indicate t h a t ,  f o r  the  Mach number range 
up t o  approximately 0.95, l a t e r a l  blowing over the lower surface of t he  
wing r e s u l t s  i n  less l o s s  i n  ro l l i ng  e f fec t iveness  with increase  i n  angle 
of a t t a c k  above approximately than does la teral  blowing over the  upper 
surface. However, i n  t he  Mach number range above 0.95, blowing over the  
upper surface of the  wing gives  a s l i g h t l y  more des i rab le  va r i a t ion  of 
rolling-moment coe f f i c i en t  w i t h  angle of a t t ack .  For Oo angle of a t t a c k  
the r o l l i n g  effect iveness  r e su l t i ng  from lateral  blowing i s  s u b s t a n t i a l l y  
g r e a t e r  than the effect iveness  of a j e t  reac t ion  cont ro l  loca ted  a t  the  
wing t i p  f o r  the  Mach number range of the  t e s t s .  
e f fec t iveness  r e su l t i ng  from blowing l a t e r a l l y  over t h e  w i n g  i s  less than 
t h a t  obtained from j e t  spo i l e r s .  

The r e s u l t s  of t he  i n v e s t i -  

However the  r o l l i n g  



2 

INTRODUCTION 

I n  t h e  search f o r  l a t e r a l  cont ro l  devices su i tab le  f o r  use on t h i n -  
wing configurations a t  high speed, considerable i n t e r e s t  i s  being mani- 
f e s t e d  in  spoiler-type controls  of various kinds. I n  the pas t ,  numerous 
investigations,  such as references 1 t o  8, have been made of p l a i n  
spoi lers ,  spoi le r  s l o t  def lec tors ,  and j e t  spoi le rs .  For t h e  j e t  s p o i l e r s  
of references 5 t o  8 compressed a i r  w a s  exhausted normal t o  t h e  wing sur- 
face from a s l o t  o r  a s e r i e s  of holes over a port ion of t h e  wing span. 
I n  addition t o  the  j e t  reac t ion  e f f e c t ,  t h e  j e t  s p o i l e r  has been shown 
t o  produce a change i n  c i r c u l a t i o n  l i f t  i n  a manner similar t o  t h a t  pro- 
duced by the  p l a i n  spoi le r .  

L 
4 
7 
0 

I n  order t o  reduce somewhat the  complexity of t h e  duct system nec- 
essary to  e j e c t  the  high-pressure a i r  normal t o  t h e  wing surface t o  , 
produce t h e  j e t  spoi le r  react ion,  it seems des i rab le  t o  consider other  
methods of employing high-pressure a i r  t o  produce control .  One of the  
methods t h a t  has been suggested ( r e f .  9) was t o  e j e c t  a j e t  of a i r  l a t -  
e r a l l y  o r  spanwise over t h e  wing surface.  

The present paper presents  the  r e s u l t s  of an invest igat ion made i n  . 
t h e  Langley high-speed 7- by 10-foot tunnel  a t  t ransonic  speeds t o  de te r -  
mine the effect iveness  of blowing a j e t  of compressed a i r  l a t e r a l l y  over 
the surface of a wing p a r a l l e l  t o  the XY-plane a t  various sweep angles 
r e l a t i v e  t o  t h e  Y - a x i s  as a method of obtaining l a t e r a l  control .  This 
invest igat ion was made on two wing models having quarter-chord-line sweep 
angles of 30' and 43'; each wing had an aspect r a t i o  of 4, a taper  r a t i o  
of 0, and an NACA 65AO04 a i r f o i l  sect ion.  
Oo angle of a t t a c k  f o r  a range of j e t  sweep angles and through an angle- 
of-attack range with the  j e t  swept forward of the  reference axis a t  Mach 
numbers from 0.60 t o  1.10. 

. 
I 

Both models were t e s t e d  a t  

COEFFICIENTS AND SYMBOLS 

The d a t a  are presented about the model wind axes with t h e  o r i g i n  
on the  wing root-chord l i n e  a t  a longi tudinal  pos i t ion  corresponding t o  
the quarter chord of the mean aerodynamic chord. 

CD 
Twice semispan drag drag coef f ic ien t ,  

qs 

Twice semispan l i f t  l i f t  coef f ic ien t ,  
@ CL 

-r 
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C Z  
Semispan rolling moment rolling-moment coefficient, 

rolling-moment coefficient of a jet reaction control, C 2 , r  

(cP9s): - _ -  1 c 
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pitching-moment coefficient about O.25c’, 
Twice semispan pitching moment 

9s; 
Semispan yawing moment yawing-moment coefficient, 

Thrust thrust coefficient, - 
qs 

Thrust momentum coefficient, 
KqS 

twice span of semispan wing, ft 

wing chord, ft 

wing mean aerodynamic chord, c2dy, ft 

experimentally determined nozzle efficiency factor, 
3 

Theoretical thrust 16 
Measured thrust 

this investigation 

, 0.94 for - - inch-diameter nozzle of 

ratio of rolling moment produced by lateral blowing to 
rolling moment computed for a jet reaction control at the 
wing tip 

free-stream Mach number 

local Mach number 

free-stream dynamic pressure, 1 pV2, lb/sq ft 
2 

twice area of semispan wing, sq ft 
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free-stream ve loc i ty ,  f t / s e c  

angle of a t t ack ,  deg 

wing sweep, measured a t  quarter-chord l i n e ,  deg 

sweep of j e t ,  measured from a l i n e  normal t o  wing root  
chord at center  of nozzle (angles forward of t h i s  l i n e  
were designated as negative angles ) ,  deg 

free-stream densi ty ,  slugs/cu f t  

MODELS 
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The models used f o r  t h i s  inves t iga t ion  consis ted of two small-scale 
wings machined from s o l i d  s t e e l  t o  NACA 65AOO4 a i r f o i l  sec t ions  with 
30' and 4 5 O  sweep of t he  quarter-chord l i n e s .  
r a t io -4  semispan wings having no t w i s t  or camber and a t ape r  r a t i o  of 0. 
The geometric c h a r a c t e r i s t i c s  of t h e  models a r e  given i n  f igu re  1. The 
wing models were equipped with a 3/16-inch-dimeter nozzle loca ted  a t  
approximately the  97.5-percent-root-chord s t a t i o n  i n  such a manner t h a t  
t he  angle of a j e t  of high-pressure a i r  could be var ied over one surface c 

of t h e  wing. The sweep angles f o r  t he  j e t  were measured r e l a t i v e  t o  a 
l i n e  normal t o  t h e  r o o t  chord of the wing. Angles forward of t h i s  l i n e  
were des i  nated as negative angles.  The range of j e t  sweep angles w a s  
from -9.8 
swept wing and from 12.3' ( p a r a l l e l  t o  t he  wing t r a i l i n g  edge) t o  - 2 6 . 5 O  
f o r  t h e  1+5O swept wing. 

The models were aspect-  

( p a r a l l e l  t o  t he  wing t r a i l i n g  edge) t o  -43.9' f o r  t he  30' 

CORRECTIONS 

The data have not been corrected f o r  j e t  boundary or blockage e f f e c t s  
s ince  the  models were s u f f i c i e n t l y  small with respec t  t o  the tunnel  bound- 
aries t o  make these  cor rec t ions  negl ig ib le .  The l i f t  loading r e s u l t i n g  
from l a t e r a l  blowing over t h e  semispan models i s  similar t o  t h e  loading 
t h a t  would r e s u l t  from symmetrically def lec ted  cont ro ls  on a complete 
model. The ref lect ion-plane cor rec t ions  f o r  t he  d a t a  of t h i s  repor t  can- 
not be evaluated s ince the  va r i a t ion  of t h e  e f f ec t ive  span of t h e  l a t e r a l  
blowing control with wing angle of a t t a c k  and wi th  the  pressure r a t i o  
across  the nozzle e x i t  i s  unknown. The r o l l i n g -  and yawing-moment coef- 
f i c i e n t s  for  t he  control  a r e  therefore  presented as obtained and are 
uncorrected f o r  ref lect ion-plane e f f e c t s .  
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TESTS 

The t e s t s  were made by using the transonic-bump technique i n  the 
Langley high-speed 7- by 10-foot tunnel. The aerodynamic forces  and 
moments were obtained by use of a five-component e l e c t r i c a l  strain-gage 
balance attached beneath the  bump surface. Tests  were made over a Mach 
number range from 0.60 t o  1.10 a t  corresponding Reynolds numbers from 
approximately 1.07 x 10 6 t o  1.25 x 10 6 . Typical var ia t ions  of the  l o c a l  
Mach number over the bump surface i n  the v i c i n i t y  of the 30° swept-wing- 
model locat ion f o r  several  Mach numbers are shown i n  f igure  2. The 
t e s t s  were made with t h e  models as l e f t  wings with lateral  blowing over 
t h e  upper surface of t h e  wing through a pos i t ive  and negative an le-of- 
a t t a c k  range from -16' t o  16 swept 
wings, respect ively.  Since t h e  models had symmetrical a i r f o i l  sect ions,  
these t e s t s  gave r e s u l t s  t h a t ,  with proper consideration of signs,  are 
equivalent t o  t h e  r e s u l t s  t h a t  would have been obtained by blowing l a t -  
e r a l l y  over both t h e  upper and lower wing surfaces  through a pos i t ive  
angle-of-attack range. 

Q and -20' t o  20' f o r  the 30' and 45 

Each t e s t  was made a t  a given angle of a t t a c k  and Mach number f o r  
a s e r i e s  of plenum-chamber pressures from zero t o  approximately 120 pounds 
per square inch. The pressure range corresponds t o  a range of t h r u s t  
coef f ic ien ts  fi-oiii 9 t o  approximtely @ , O h  computed from the  r e l a t i o n s h i p  
of t h e  s t a t i c - t h r u s t  ca l ibra t ion  t o  the plenum-chamber pressure.  Tests  
were made a t  Oo angle of a t t a c k  through t h e  Mach number range f o r  a l l  
j e t  sweep angles and through t h e  angle-of-attack range a t  each Mach num- 
ber f o r  the  maximum forward je t  sweep angle f o r  both models. 

RESULTS AND DISCUSSION 

The r e s u l t s  of the  invest igat ion are presented i n  coef f ic ien t  form 
i n  t a b l e s  I and 11. In addi t ion t o  these t a b l e s  a graphical  presenta- 
t i o n  of the var ia t ions  with several  of t h e  t e s t  parameters of the  p a r t i a l  
der iva t ives  of the  aerodynamic forces and moments with respect t o  t h e  
momentum coef f ic ien t  Cw a r e  presented i n  f i g u r e s  3 t o  6. In  order t o  
f a c i l i t a t e  presentat ion of t h e  data ,  staggered sca les  have been used i n  
these f igures  and care should be taken i n  ident i fy ing  t h e  zero a x i s  f o r  
each curve. 

The force and moment coeff ic ients  presented i n  t a b l e s  I and I1 were 
p l o t t e d  against  
were found t o  have a l i n e a r  var ia t ion with Cp; therefore ,  only the  var- 
i a t i o n s  of the p a r t i a l  der iva t ives  of the force and moment coef f ic ien ts  
obtained from these p l o t s  are presented. The discussion of these r e s u l t s  

CP a t  a constant angle of a t t a c k  and Mach number and 
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is  l imited t o  only the  e f f e c t s  of t he  var ious parameters inves t iga ted  
on the rolling-moment e f fec t iveness .  

Figures 3 and 4 show the  e f f e c t s  of Mach number on the  va r i a t ion  
with sweep of t he  je t  of t h e  p a r t i a l  de r iva t ives  of t he  force  and moment 
coef f ic ien ts  with respect  t o  f o r  t he  30' and 45' swept-wing models, 
respect ively,  a t  Oo angle of a t t ack .  
effect iveness  increases  when t h e  j e t  i s  swept forward and t h a t  t he  o p t i -  
mum ro l l i ng  moment occurs, throughout the  Mach number range, near t h e  
highest  negative j e t  sweep of t he  tes ts  (-43.9' and - 2 6 . 5 O  f o r  t h e  300 
and 4 5 O  swept wings, r e spec t ive ly ) ,  
of the flow over the  wing i s  dis turbed as t h e  j e t  i s  swept forward. 

C p  
These da ta  show t h a t  t he  r o l l i n g  

Apparently t h i s  occurs because more 

4 

4 

L 
4 
7 
01 The e f f e c t s  of Mach number on t h e  v a r i a t i o n  with angle of a t t a c k  of 

t h e  p a r t i a l  der iva t ives  of t h e  force  and moment coe f f i c i en t s  with respec t  
t o  
sweep angles of t he  30' and 45' swept wings, respec t ive ly .  The t rends  of 
these d a t a  ind ica te  t h a t  f o r  a l l  Mach numbers of t h e  inves t iga t ion  t h e  
maximum r o l l i n g  e f fec t iveness  occurs a t  an angle of a t t ack  of approxi- 
mately 4' f o r  blowing l a t e r a l l y  over t h e  upper surface of both models. 
I n  the  Mach number range up t o  approximately 0.95, as the  angle of a t t a c k  
i s  increased above bo, t he re  i s  an abrupt loss i n  cont ro l  e f fec t iveness  
f o r  both models; however, as the  angle of a t t ack  i s  increased i n  the  
negative d i rec t ion ,  there  i s  a much more gradual decrease i n  e f f ec t ive -  
ness.  Inasmuch as the  models are symmetrical, t he  da t a  presented a t  
negative angles of a t t ack  f o r  blowing over the  upper surface are equiva- 
l e n t  t o  t he  da ta  t h a t  would be obtained at pos i t i ve  angles of a t t ack  f o r  
blowing over the  lower surface.  Therefore, i n  t he  Mach number range up 
t o  approximately 0.95, blowing l a t e r a l l y  over t h e  lower surface r e s u l t s  
i n  less loss of r o l l i n g  e f fec t iveness  with angle of a t t ack  above approxi- 
mately 4' than does blowing over the  upper surface.  
Mach number range above approximately 0.95, t he re  i s  no longer an abrupt 
l o s s  i n  effect iveness  when t h e  angle of a t t a c k  i s  increased above bo, 
and blowing l a t e r a l l y  over t h e  upper wing surface general ly  r e s u l t s  i n  
s l i g h t l y  more favorable rolling-moment c h a r a c t e r i s t i c s  f o r  both wings. 

C, a re  presented i n  f igu res  5 and 6 f o r  t h e  maximum negative j e t  

I 

c 

However, i n  t he  

I n  order t o  evaluate the  rolling-moment e f fec t iveness  r e s u l t i n g  
from blowing l a t e r a l l y  over t h e  wing, it can be compared with the  r o l l i n g  
effect iveness  of a pure j e t  reac t ion  cont ro l  located a t  t h e  wing t i p s .  
The rolling-moment coe f f i c i en t  of t he  j e t  r eac t ion  cont ro l  
angle of a t t ack  of 0' can be computed from t h e  following equation: 

CZ, r  f o r  an 
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The r a t i o  of the effect iveness  of 
ness of the  j e t  react ion cont ro l  

L 
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t h e  
KZ 

lateral  blowing t o  the  e f fec t ive-  
can be derived as follows: 

The var ia t ion  of KL with Mach number f o r  the  maximum forward j e t  
sweep angles of t h e  two models i s  shown i n  f i g u r e  7 a t  an angle of a t t a c k  
of 0'. 
t h e  effect iveness  of l a t e r a l  blowing i s  increasingly grea te r  than t h a t  of 
t h e  reac t ion  j e t  f o r  both models. A t  a Mach number of 0.95 t h e  l a t e r a l  
blowing i s  approximately 11 times as ef fec t ive  as the reac t ion  control  

located a t  t h e  wing t i p .  
ever, the  lateral blowing effectiveness decreases but remains substan- 
t i a l l y  grea te r  than t h e  reac t ion  control throughout t he  Mach number 
range of the  t e s t s .  

The d a t a  show tha t  i n  the  Mach number range from 0.60 t o  0.95 

2 
A s  the  Mach number increases  above 0.95, how- 

No data  are ava i lab le  t o  determine the ef fec t iveness  of a j e t  
spoi le r  on t h e  models of t h i s  investigation. However, t h e  da ta  f o r  j e t  
spoi le rs  on other  wings show them t o  have magnification f a c t o r s  of 
from approximately 2 f o r  a partial-span j e t  spoi le r  on t h e  swept wing 
of reference 8 t o  as much as 4 t o  5 indicated from unpublished r e s u l t s  
f o r  a ful l -span j e t  spoi le r  on an unswept wing. 

K 2  

CONCLUSIONS 

A wind-tunnel invest igat ion has been made t o  determine the  la teral  
cont ro l  effect iveness  of blowing l a t e r a l l y  over the surface of two swept 
wings at Mach numbers from 0.60 t o  1.10. The wings were equipped with 
a nozzle located near the t r a i l i n g  edge of t h e  root  chord so tha t  a j e t  
of high-pressure a i r  could be directed across  the wing toward the  wing 
t i p s  a t  various sweep angles. The r e s u l t s  of t h i s  invest igat ion l e d  
t o  the following conclusions: 

1. The r o l l i n g  moment resul t ing from blowing l a t e r a l l y  over t h e  
wing i s  increased when the j e t  of high-pressure air  i s  swept forward 
over t h e  wing surface up t o  the  maximum angle of the  tests.  
t h i s  occurs because more of the  flow over the wing i s  disturbed as the  
je t  i s  swept forward. 

Apparently 
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2 .  In the Mach number range up t o  approximately 0.95 l a t e r a l  blowing I) 

over t h e  lower surface of t h e  wing r e s u l t s  i n  l e s s  loss i n  r o l l i n g  e f fec-  
t iveness  with increase i n  angle of a t t ack  above approximately 4' than does 
blowing over the  upper wing surface.  
above 0.95 a s l i g h t l y  more des i rab le  va r i a t ion  of rolling-moment coe f f i -  
c i e n t  with angle of a t t ack  i s  obtained by blowing over the  upper surface 
of t h e  models. 

However, i n  t he  Mach number range 

3. The r o l l i n g  e f fec t iveness  r e su l t i ng  from blowing high-pressure 
a i r  l a t e r a l l y  over t h e  wing surface is  subs t an t i a l ly  g rea t e r  than the  
effect iveness  of a j e t  reac t ion  cont ro l  a t  t he  wing t i p s  a t  zero angle 
of  a t tack f o r  t he  Mach number range of t he  t e s t s .  
effect iveness  r e su l t i ng  from blowing l a t e r a l l y  over t h e  wing i s  l e s s  
than tha t  obtained from j e t  spo i l e r s .  

However, t he  r o l l i n g  
L 
J+ 

7 
0 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  Va., June 9, 1959. 
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J \ ' .  8 

b/2 = 6.00 

Origin of axes 
(0.25 M.A.C.) , I 

-Reference axis 

Bump surface 

wing data: 

Sweep of quarter-chord l ine,  
deg . . . . . . . . . . . . . . .  30 

Taper r a t i o  . . . . . . . . . . . .  0 
Wing area, f t  . . . . . . . . . . .  0.25 

Mean aerodynamic chord, f t  0.33 Airfoi l  section (para l le l  t o  
. . . .  NACA 65A004 

Aspect r a t i o  . . . . . . . . . . .  4 

. . . .  
plane of synmetry) 

Wing data: 

Sweep of quarter-chord l ine,  
deg . . . . . . . . . . . . . .  45 

4 Aspect r a t i o  
0 Taper r a t i o  

Wing area, sq f t  . . . . . . . .  0.25 
Mean aerodynamic chord, f t  . . .  0.33 
Airfoi l  section (para l le l  t o  

plane of synrmetry) . . .  NACA 65A004 

. . . . . . . . . .  . . . . . . . . . . .  

Jet diameter 0.1875 r- 

Figure 1.- Geometric characteristics of models used in investigation. 
A l l  dimensions are in inches unless otherwise noted. 
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3 . -  Effect of Mach number and sweep of the jet on the aerodynamic 
0 characteristics of the 30’ swept w i n g  at a = 0 . 
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Figure 3 . -  Continued. 
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Figure 3 . -  Concluded. 
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Figure 4.- Effect of Mach number and sweep of the jet on the aerodynamic 
characteristics of the 45' swept w i n g  at a, = 0 0 . 
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Figure 4. - Continued. 



46 

4 

2 

0 0.60 

0 0.80 

0 0.8 5 

0 0.90 r. 

0 0.95 . 
0 LOO 

0 /. 05 

0 b /o 
-28 -24 -20 -16 -12 -8 - 4  0 4 8 /2 /6 

AjJ deg 

M 

T 
d 
-I= 

Figure 4. - Concluded. 
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. Figure 5.- Effect of Mach number and angle of attack on the aerodynamic 
characteristics of the 30' swept w i n g  at a jet sweep angle of -43.9O. 



48 

M 

M 

0.60 

0.80 

0.90 

0.95 

1.00 

I. I O  

-16 -12 -8 -4 0 4 8 12 16 

a, deg 

4 

Figure 5.-  Continued. 
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Figure 5.-  Concluded. 



M 

0 0 60 

0 0 80 

0 085 

0 0 90 

0 0 95 

0 I 00 

0 I05 

0 I IO 

2 1 1 " ' '  
- /- L 

/' 

-20 -I6 -I2 -8 -4 0 4 8 I2 I6 20 
Q, deg 

Figure 6.- Effect of Mach number and angle of attack on the aerodynamic 
characteristics of the 45' swept wing at a jet sweep angle of -26.5'. . 
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Figure 6.- Continued. 



52 

M 

0.60 

0.80 

0.85 

0.9C 

0.95 

/. 00 

1.05 

1. /o 
-20 -/6 -/2 -8 -4 O 4 8 /2 16 20 

a, deg 

t;' 
F 
4 
0 

Figure 6 .  - Concluded. 



53 

0 

IC, 

8 I 

0 

Q v 

I 

I 
I 
I 

0 

0, 
rrj v 

I 

0 

0 
b 

NASA - Langley Field, Va .  L&70 


